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The complete nucleotide (nt) sequence of eight isolates of beak and feather disease virus (BFDV) obtained from a range
of psittacine species with psittacine beak and feather disease (PBFD) from throughout Australia were compared with the
sequences of two BFDV isolates previously reported from Australia (BFDV-AUS) and America (BFDV-USA), respectively. All
isolates had the same basic structure including the position of the open reading frames, the hairpin structure between ORF1
and ORF2, the nonanucleotide motif (TAGTATTAC) therein, the three motifs of Rep protein encoded from ORF1 and involved
in rolling circle replication, and the P-loop motif previously described, but the genome size of the eight isolates ranged from
1992 to 2018 nt. Overall nt identity of the isolates compared to BFDV-AUS ranged from 84 to 97%; the variation was due to
a combination of point mutations and a number of deletions and insertions ranging from 1 to 17 nt in size detected in both
coding and noncoding regions. The identity of the nt sequence of ORF2 compared to BFDV-AUS varied from 80 to 99%, while
the identity of the deduced amino acid sequences varied from 73 to 99%. Phylogenetic analysis grouped the isolates into four
clusters but there were no apparent regional differences or differences related to the psittacine species of origin. While
seven ORFs with the potential to encode proteins greater than 8.7 kDa were detected in the BFDV-AUS isolate described
previously, only three of these ORFs were detected in all 10 BFDV isolates for which sequence data were available. The three
ORFs were ORF1 that presumably encodes the Rep protein, ORF2 presumably the major capsid protein, and the ORF
previously designated ORF5. The ORF5 was of two size classes in different isolates, 303 and 474 nt, and only the first 303
nt of the viruses with an ORF of 474 nt were common to the other isolates. © 2001 Academic Press
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Psittacine beak and feather disease (PBFD) is the
most common viral disease of wild psittacine birds in
Australia (Pass and Perry, 1984; McOrist et al., 1984;
Raidal et al., 1993a), where it has endangered at least
one species with extinction, but it is also a problem
worldwide wherever captive psittacine birds are bred
(Kock et al., 1993; Jacobsen et al., 1986). Differences in
the clinical and pathological manifestation of PBFD in the
wide number of psittacine bird species that are known to
be susceptible to infection with beak and feather disease
virus (BFDV) have been thought to be due to host factors
rather than antigenic or genetic variation in BFDV
(Ritchie et al., 1990). However, the latter has not been
investigated thoroughly. Different isolates of BFDV be-
have antigenically similarly at least in haemagglutination
and haemagglutination inhibition assays (Raidal et al.,
1993b), but the use of genetic-based techniques for ei-
ther diagnosis and/or research on PBFD requires an
understanding of any genomic variation that may occur
between isolates. It is possible that adaptation of partic-
ular genotypes to specific species may have occurred, or
regional differences in strains may have developed.
Such potential differences would have significance in the
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392development of universal PCR assays that would detect
all strains of BFDV. They would also have significance in
our future understanding of the replication of BFDV, and
in the potential gene-coding assignments of the virus.
Concurrent with the sequence analysis of the BFDV
reported previously (Bassami et al., 1998) and herein
designated BFDV-AUS, a genomic sequence derived
from pooled BFDV was reported in the USA (Niagro et al.,
1998). Differences were present in the sequence of this
compared to the Australian isolate, but the differences
were not major and the overall similarity suggested that
there might be minimal sequence diversity between
strains of BFDV from throughout the world as seems to
be the case for avian polyomavirus (Johne and Mu¨ller,
1998). However, in the related porcine circovirus (PCV),
two distinct genotypes had been reported (Meehan et al.,
1997; Hamel et al., 1998) and it was potentially possible
that similar genotypic differences have occurred in BFDV
and might be detected if additional isolates of the virus
were examined. An investigation of potential sequence
diversity in BFDV was undertaken. The complete DNA
sequence of eight BFDV strains from various regions
throughout Australia and from a variety of psittacine bird
species were compared and the significance of the re-
sults discussed.
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393BEAK AND FEATHER DISEASE VIRUS IN PSITTACINERESULTS
omparison of total nucleotide sequence of different
solates
The size of the genome of the eight BFDV isolates
anged from 1992 to 2018 nucleotides (nt). The GenBank
ccession number for each of the isolates is listed in
able 1. Two isolates, SCC1-WA and Galah-WA, were
993 nt, the same as BFDV-AUS (Bassami et al., 1998).
he size of the genome of SCC-NT, MMC-WA, and
LBC-SA was 1994, 1995, and 1992 nt, respectively. The
enome of one isolate LK-VIC was 2007 nt and LB-WA
nd BB-WA were 2018 nt (Table 2). Overall nt identity of
he isolates compared to BFDV-AUS ranged from 84 to
7% and BFDV-AUS shared 92% nt identity with BFDV-
SA. Comparison of sequence data for direct versus
loned sequencing was similar, indicating low intrahost
enetic variation in BFDV-infected birds.
T
Samples from PBFD-Affected Birds of Various Species and Geogra
for DNA Seque
Isolate Species
B-WA Blue bonnet (Psephotus haematogaster)
K-VIC Rainbow lorikeet (Trichoglossus haematodus
MC-WA Major Mitchell’s cockatoo (Cacatua leabeate
SCC1-WA Sulphur-crested cockatoo (Cacatua galerita)
SCC-NT Sulphur-crested cockatoo
LB-WA Lovebird (Agapornis roseicollis)
Galah-WA Galah (Eolophus roseicapillus)
ELBC-SA Eastern long-billed corella (Cacatua tenuiros
BFDV-AUS* Sulphur-crested cockatoo (Cacatua galerita)
BFDV-USA* Pooled virus from unknown psittacine specie
* The species of origin of previously published BFDV genomic sequ
T
Comparison of the Genome Size (nt length) and Predicted ORFs E
accession numbers listed in Table 1) that were Sequenced and Includi
No. AF080560)
Isolate
Genome
size (nt)
Total
ORFs ORF 1 ORF
BFDV-AUS 1993 7 867 741
Galah-WA 1993 7 867 741
MMC-WA 1995 7 867 720
ELBC-SA 1992 5 867 729
BB-WA 2018 4 867 735
LB-WA 2018 4 867 735
LK-VIC 2007 5 870 741
SCC1-WA 1993 6 867 741
SCC-NT 1994 5 867 720
BFDV-USA 1993 4 897 732Note. The BFDV-USA isolate described by Niagro et al. (1998; GenBank Acomparative organization of the genome of different
solates
The organization of the genome of the eight isolates
as similar to that of BFDV-AUS. The similarities in-
luded the position of the ORFs, the hairpin structure
etween ORF1 and ORF2, the nonanucleotide motif
TAGTATTAC) therein, the three motifs of the Rep protein
nvolved in rolling circle replication, the P-loop motif, and
olyadenylation signals downstream from ORF1 and
RF2. The repeated octanucleotide motif (GGGCACCG)
mmediately downstream of the hairpin structure was
lso conserved in all isolates except BB-WA in which a C
eplaced G at the end of the second motif (GGGCACCC).
Some point mutations of 1 or 2 nt size were evident in
he eight isolates compared to BFDV-AUS. In addition,
arious deletions and insertions of more than 2 nt were
etected by comparison to BFDV-AUS. In LK-VIC an in-
Origins in Australia that Were Used as a Source of Genomic DNA
alysis of BFDV
Origin
GenBank
Accession No.
Private collection, Esperance AF311295
Private collection, Melbourne AF311299
Private collection, Perth AF311300
Wild bird, Perth AF311302
Wild bird, Darwin AF311301
Private collection, Perth AF311296
Wild bird, Perth AF311298
Private collection, Adelaide AF311297
Bassami et al. (1998) AF080560
Niagro et al. (1998) AF071878
are included.
g Proteins Greater than 8.7 kDa of the Different Isolates (GenBank
Original BFDV-AUS Isolate (Bassami et al., 1998; GenBank Accession
ORF 3 ORF 4 ORF 5 ORF 6 ORF 7
480 318 303 264 258
495 — 303 264 318
273 336 303 264 279
495 — 303 264 —
495 — 474 — —
456 — 474 — 297
498 — 474 — 282
495 318 474 — 306
— 372 474 — —
471 — 474 — —ABLE 1
phical
nce An
)
ri)
tris)
sABLE 2
ncodin
ng Our
2cession No. AF071878) is shown for comparison.
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394 BASSAMI ET AL.sertion of 14 nt, an insertion of 14 nt, an insertion of 4 nt,
and two insertions of 3 nt occurred, starting at nt 83, 53,
965, and 1936, respectively. In this isolate two deletions
of 6 and 3 nt were detected starting at nt 1186 and 1946.
In SCC-NT and MMC-WA, there was an insertion of 4 nt
at position 53. In addition to this insertion, an insertion of
6 nt at position 1883 for SCC-NT and 1884 for MMC-WA
was observed. In these isolates, a deletion of 4 nt com-
mencing at position 89 in both isolates, and a deletion of
3 nt at position 1715 for SCC-NT and 1716 for MMC-WA,
were identified. In BB-WA and LB-WA there was an in-
sertion of 17 nt starting at nt 1196, and two insertions of
3 nt at positions 1931 and 1952.
Open reading frame 1
The start codon for ORF1 was ATG and its position
was conserved at nt 131 in all isolates except LK-VIC,
which was positioned at nt 148. The size of ORF1 in all
isolates, except LK-VIC which was 870 nt, was the same
as BFDV-AUS, 867 nt. In LK-VIC, an insertion of 3 nt (one
amino acid) was observed at position 818 of ORF1. The
size of ORF1 in BFDV-USA was reported to be 897 nt;
however, Niagro et al. (1998) indicated the start codon for
this ORF as TCT, 30 nt upstream of the more likely start
codon ATG, which would make the size of the ORF1 of
BFDV-USA the same as that of the Australian isolates.
The stop codon of ORF1 for all isolates was TGA.
The interisolate variation of the nt sequence of ORF1
of BFDV-AUS compared to the eight isolates and BFDV-
USA ranged from 86 to 99% (Table 3). Similarly, the
interisolate variation of the deduced amino acid se-
quences ranged from 86 to 99% (Table 3), indicating a
high level of conservation in this putative protein.
Open reading frame 2
T
Pairwise Comparison of nt and Amino Acid Sequences
Isolate BFDV-AUS SCC1-WA SCC-NT MMC-WA
FDV-AUS 95 94 95
CC1-WA 96 93 96
CC-NT 93 93 94
MC-WA 96 97 93
alah-WA 96 99 94 97
LBC-SA 95 95 93 96
K-VIC 88 89 87 89
B-WA 94 93 90 94
B-WA 96 95 92 95
FDV-USA 92 92 89 92
Amino acid identity (%)
Note. The origin and GenBank accession numbers of the isolates aThe amino acid sequence derived from the nt se-
quence of ORF2 of the various Australian isolates and
a
oBFDV-USA is shown in Fig. 1. The size of ORF2 varied, as
the actual start codon varied. In BFDV-AUS (Bassami et
l., 1998) it was predicted that the start codon for ORF2
as a CTG (Prats et al., 1989) positioned at nt 16 in the
complementary strand, while for BFDV-USA, a TCT situ-
ated at nt 28, but also in the complementary strand, was
reported as the start codon for ORF2 (Niagro et al., 1998).
n the isolates sequenced in the current study, the start
odon for two isolates (SCC-NT and MMC-WA) was pro-
osed to be an ATG positioned at nt 39 in the comple-
entary strand, whereas the start codon for Galah-WA,
CC1-WA, and LK-VIC, as well as BFDV-AUS, could have
een either CTG at position of 16 or TCT at position of 28
n the complementary strand. The start codon of ORF2 in
B-WA, LB-WA, and ELBC-SA was probably a TCT lo-
ated at nt 29 for BB-WA, LB-WA and 28 in ELBC-SA. The
top codon of ORF2 for all isolates was TAA.
The identity of the nt sequence of ORF2 compared to
FDV-AUS varied from 80 to 99%, while the identity of the
educed amino acid sequences varied from 73 to 99%
Table 4).
pen reading frames 3 to 7
Apart from ORF1 and 2, the only other ORF shared in
ll isolates (Table 2) was the ORF previously designated
RF5 (Bassami et al., 1998). The size of this ORF5 varied
n the different isolates: 303 nt in BFDV-AUS, Galah-WA,
MC-WA, and ELBC-SA isolates, potentially encoding a
rotein of 101 amino acids, and 474 nt in the other
solates and including BFDV-USA, potentially encoding a
rotein of 158 amino acids. The first 303 nt at the 59 end
f those isolates with an ORF5 of 474 nt and the entire
equence of ORF5 of the other isolates was common in
he two groups of isolates, with some point variations. In
ll isolates the start and stop codons for ORF5 were ATG
F1 Using Clustal W Program (MacVector 6.5 software)
h-WA ELBC-SA LK-VIC LB-WA BB-WA BFDV-USA
Nucleotide identity (%)
5 96 88 93 94 91
9 96 90 93 94 91
4 94 88 91 92 90
6 97 90 94 95 92
96 90 94 94 91
5 89 93 94 96
9 88 88 89 86
4 92 86 99 90
5 93 88 98 91
3 91 86 90 91
hown in Table 1.ABLE 3
of OR
Gala
9
9
9
9
9
8
9
9
9nd TAA, respectively. The derived amino acid sequence
f ORF5 of the various isolates is shown in Fig. 2. ORF5
a
d e of the
s
395BEAK AND FEATHER DISEASE VIRUS IN PSITTACINEalong with other minor ORFs failed to demonstrate any
significant identity with genomic sequences in the Gen-
Bank sequence database (http://www.ncbi.nlm.nih.gov).
Phylogenetic analysis of isolates
For phylogenetic analysis of the isolates, the nt se-
quence and the predicted amino acid sequences of the
proteins encoded by ORF1 and ORF2 were edited as
there were differences in the start codon of ORF2 in the
different Australian isolates and the ORF1 of BFDV-USA;
the first 10 amino acids (first 30 nt) of ORF1 of BFDV-USA,
the first eight amino acids (23 nt) of BFDV-AUS, SCC-NT,
FIG. 1. Deduced amino acid sequence of the putative capsid protein a
nd displayed using PileUp and Pretty programs, respectively. Dashe
isagreement with the sequence of BFDV-AUS. Dots denote the absenc
ource of each isolate and its abbreviation are as shown in Table 1.Galah-WA, and LK-VIC, and the first four amino acids (13
nt) of BB-WA and LB-WA were removed.Phylograms of the entire nucleotide sequence (data
not shown) and the predicted amino acid sequence of
the proteins encoded by ORF1 and ORF2 of the 10 BFDV
isolates for which sequence data were available showed
that the isolates were in four clusters (Fig. 3) but there
were no regional differences or differences related to the
psittacine species of origin.
DISCUSSION
A combination of direct and indirect sequencing pro-
cedures was used to determine a consensus sequence
for each isolate. There were two reasons for this: first,
d to be encoded by ORF2 of 8 Australian BFDV isolates. Data generated
lowercase letters, respectively, indicate positions in agreement and
respected amino acids compared to BFDV-AUS or other isolates. Thessume
s andbecause of the reliability of direct PCR sequencing; sec-
ond, because difficulty (associated with an abrupt loss of
re as s
v
396 BASSAMI ET AL.the signals during sequencing) was experienced in se-
quencing some clones and some PCR products, presum-
ably due to a G–C rich region of the genome located in
T
Pairwise Comparison of nt and Amino Acid Sequences
Isolate BFDV-AUS SCC1-WA SCC-NT MMC-WA
BFDV-AUS 99 80 80
SCC1-WA 90 80 80
SCC-NT 75 75 99
MMC-WA 75 75 99
Galah-WA 95 95 73 74
ELBC-SA 92 92 74 75
LK-VIC 78 78 74 74
LB-WA 81 80 75 76
BB-WA 82 82 76 76
BFDV-USA 85 85 76 77
Amino acid identity (%)
Note. The origin and GenBank accession numbers of the isolates a
FIG. 2. Multiple alignment of deduced amino acid sequences of ORF
arious regions of Australia (see Table 1). BFDV-AUS (Bassami et al., 1
performed and displayed using PileUp and Pretty programs, respectiv
sequence; amino acids denoted by lowercase letters indicate a nonconsensua
and stars denote the amino acids encoded by stop codons.the first 60 nucleotides and the region between nt 1130
and 1170.
All eight BFDV isolates for which complete sequence
F2 Using Clustal W Program (MacVector 6.5 software)
h-WA ELBC-SA LK-VIC LB-WA BB-WA BFDV-USA
Nucleotide identity (%)
6 94 82 85 85 88
5 94 82 85 85 88
0 81 80 83 82 83
0 81 80 82 82 83
96 83 85 85 88
4 81 85 86 89
8 76 85 85 84
2 81 80 98 88
3 82 80 95 88
5 85 87 81 82
hown in Table 1.
isolates of BFDV from a variety of psittacine species with PBFD from
d BFDV-USA (Niagro et al., 1998) are also included. Alignments were
shes denote positions in agreement with the consensual amino acidABLE 4
of OR
Gala
9
9
8
8
9
7
8
8
85 of 8
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ely. Dal amino acid. Dots represent the absence of the respective amino acid,
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397BEAK AND FEATHER DISEASE VIRUS IN PSITTACINEdata were obtained in this study had the same basic
structure as the BFDV-AUS isolate described previously
(Bassami et al., 1998), including the position of the ORFs,
the location of a hairpin (stem-loop) structure (presumed
to contain the origin of rolling circle replication) located
between ORF1 and ORF2, the nonanucleotide motif
(TAGTATTAC) therein, the three motifs within ORF1 in-
volved in rolling circle replication, and the P-loop motif
(Bassami et al., 1998). The convention of numbering the
nucleotides was adopted from that used for geminivi-
ruses (Tan et al., 1995) and PCV (Meehan et al., 1997) in
hich the A residue immediately downstream of the
utative nick site in the nonanucleotide motif was des-
gnated nucleotide position 1.
The size of the BFDV genome in the 10 isolates for
hich sequence data are now available varied from 1992
o 2018 nt. The Australian isolates were 1993 nt (3), 1992
1), 1994 (1), 1995 nt (1), 2007 nt (1), and 2018 nt (2), and
FDV-USA described by Niagro et al. (1998) was 1993 nt.
The differences were due to a number of small deletions
and insertions compared to the BFDV-AUS described by
Bassami et al. (1998). The insertions and deletions were
mainly of 1 to 4 nt in size but a larger 14 nt insertion
occurred in the noncoding regions of LK-VIC and a 17-nt
FIG. 3. Unrooted phylograms of 10 isolates of BFDV based on the de
by ORF1 (A) and ORF2 (B), respectively. The corresponding ORFs of p
U49186 and AF071878, respectively), and a recently identified columbid
comparison. The phylograms were generated from aligned, edited seq
from 1000 bootstrap replicates (analyzed by the neighbor-joining meth
denote the isolates and their origins are as described in Table 1; BFD
BFDV-USA to the isolate described by Niagro et al. (1998).insertion occurred in BB-WA and LB-WA. As the larger 14
and 17 nt insertions occurred in the noncoding regions,they are probably of little significance. The 1 to 4 nt
insertions and deletions occurred not only in noncoding
but also in ORF1 and ORF2, but the significance of these
changes is unknown.
Overall nt identity of the isolates, compared to BFDV-
AUS (Bassami et al., 1998), ranged from 84 to 97% and
there was no evidence that distinctly different genotypes
occurred as have been described in PCV (Meehan et al.,
1997). The BFDV isolate reported from the USA (Niagro et
al., 1998) had 92% nt identity with BFDV-AUS.
Up to seven ORFs were detected that were potentially
able to encode proteins of greater than 8.7 kDa in BFDV-
AUS (Bassami et al., 1998), but not all these ORFs were
present in all isolates. In the eight isolates sequenced
and described in this report, the number of ORFs poten-
tially capable of encoding proteins greater than 8.7 kDa
ranged from 4 to 7. The BFDV-USA isolate was reported
to contain only three ORFs (Niagro et al., 1998) but
reexamination of the sequence indicated there were four
ORFs potentially encoding proteins greater than 8.7 kDa.
Of likely significance, however, is that the only ORFs
consistently detected in all isolates, including BFDV-AUS
and BFDV-USA, were the ORFs described as 1, 2, and 5
in BFDV-AUS (Bassami et al., 1998). The start codons for
mino acid sequence of the putative Rep and capsid proteins encoded
circovirus types 1 and 2 (PCV1 and PCV2; GenBank Accession Nos.
rus (CoCV; GenBank Accession No. AF252610) have been included for
ata using the ClusTree program (ANGIS). The percentage divergence
ndicated at the left of the supported node. The abbreviations used to
efers to the isolate described previously by Bassami et al. (1998) andduced a
orcine
circovi
uence d
od) is ithese ORFs were in all cases ATG except for ORF2
where in two cases it was ATG, in four cases CTG, and
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398 BASSAMI ET AL.in four cases either CTG or TCT. Start codons other than
ATG have been reported in other systems: CTG has been
reported as a start codon for the synthesis of a cell
surface antigen coded by the murine leukemia virus
(Prats et al., 1989), and TCT was reported as a start
codon for ORF1 by Niagro et al. (1998). However, Niagro
et al. (1998) failed to detect the ATG start codon of the
ORF1 of BFDV-USA, possibly because the G of the ATG
was mistakenly identified as C; these authors therefore
identified the start codon of ORF1 as TCT, an additional
30 nt upstream of the correct start codon.
The size of ORF1 in all isolates, except LK-VIC which
was 870 nt, were the same as BFDV-AUS, 867 nt. In
LK-VIC an insertion of 3 nt (one amino acid) was ob-
served at nt 818 of ORF1. The size of this ORF in BFDV-
USA was reported to be 897 nt but the extra 30 nt were
because Niagro et al. (1998) predicted that a TCT codon,
30 nt upstream of real start codon (ATG), acted as the
start codon. The nt sequence variation in ORF1 ranged
from 86 to 99% compared to BFDV-AUS. The degree of
conservation in this ORF was greater than in any other
ORF of the isolates sequenced.
As only three ORFs were consistently detected in all
isolates of BFDV, and ORF1 is very likely to encode the
Rep protein required for rolling circle replication (Man-
kertz et al., 1997), then it follows that either ORF2 or ORF5
ncodes the capsid protein. Based on the identity of the
educed amino acid sequence of ORF2 of BFDV to the
educed amino acid sequence of the protein encoded by
RF2 of PCV (Bassami et al., 1998), it is likely that the
ORF2 of BFDV encodes the capsid protein. This was also
suggested by Niagro et al. (1998).
In only two isolates was the start codon for ORF2 an
ATG; in the other isolates and including the USA isolate
(Niagro et al., 1998) it was CTG or TCT. There was up to
73% variation in the deduced amino acid sequences of
the protein encoded by ORF2 of the various BFDV iso-
lates; the different start codons and the position of these
start codons contributed to differences in the nt identity
and amino acid identity of the ORF2 in different isolates.
Although there is currently no evidence of intraspecies
antigenic variation, this degree of amino acid variation in
ORF2 suggests that intraspecies antigenic variation
might occur in the encoded capsid proteins, and further
study of this possibility seems warranted.
The third ORF, in addition to ORF1 and ORF2, common
to all isolates, was ORF5. This ORF was of two size
classes in different isolates, 303 and 474 nt, and it was
the first 303 nt of the ORFs of 474 nt that was common in
the other isolates. Whether ORF5 encodes a protein, and
if it does, then the function of this protein is unknown and
needs to be determined. Proteins in addition to the Rep
and capsid proteins have been identified in other circo-
viruses. CAV, although it has minimal genomic similarity
to the other animal circoviruses, has three partially over-
lapping major reading frames encoding putative proteins
t
sof 51.6, 24.0, and 13.6 kDa (Noteborn et al., 1991), the
argest of which is capsid and the smallest of which is
poptin, an early protein responsible for apoptosis
Douglas et al., 1995). The 24-kDa protein of CAV (Doug-
as et al., 1995) may act as a scaffold protein during virion
ssembly (Noteborn et al., 1998). The plant nanovirus
BTV encodes a Rep protein (Harding et al., 1993), a
capsid protein (Wanitchakorn et al., 1997), a putative
5-kDa protein (Beetham et al., 1997), and a 10-kDa pro-
ein (Beetham et al., 1999) of unknown function. Another
lant nanovirus, faba bean necrotic yellows virus
FBNYV), encodes a Rep (Katul et al., 1995) and a capsid
rotein (Katul et al., 1997), in addition to a putative protein
f 17.4 kDa of unknown function but highly conserved
etween FBNYV and the other nanoviruses (Katul et al.,
998). Geminiviruses also encode proteins in addition to
he Rep, capsid, and movement proteins: the geminivirus
C2 gene product transactivates the expression of the
oat protein, perhaps mediated by unknown cis-acting
lements (Ruiz-Medrano, 1999); the geminivirus AL2
ene product probably transactivates expression of the
apsid protein and a movement protein gene (Horvath et
l., 1998).
The phylogenetic relationship between the predicted
mino acid sequences of the proteins encoded by ORF1
nd ORF2 of the 10 isolates for which sequence data
ere available revealed that the virus isolates could be
rouped into genetic clusters. Although some differ-
nces were detected when different methods were used
o analyze the data, the isolates were consistently
rouped in the same patterns by different methods.
hile most isolates were in one cluster and appeared to
ave a more recent common origin, five isolates clus-
ered separately from the other isolates, including one
luster with two isolates LB-WA and BB-WA, another
luster with two isolates SCC-NT and MMC-WA, and
hird cluster with a single isolate from a rainbow lorikeet
LK-VIC). The significance of these differences between
he isolates is unknown but there was little evidence to
upport a relationship between the genetic variation and
he regional distribution of the isolates, or that there are
ifferences in pathogenicity, antigenicity, or any other
hysicochemical characteristics of BFDV.
MATERIALS AND METHODS
ource and preparation of samples
Heparinized or EDTA-containing peripheral blood or
ystrophic feathers from 8 BFDV-affected psittacine birds
ere collected from throughout Australia as shown in
able 1. The virus genomic material contained within the
NA extracted from the PBMC or feathers of each of
hese birds was defined as a virus “isolate”; care was
aken that no individual BFDV-affected bird in this collec-
ion had any known contact with other birds from which
amples were obtained. Sample preparation and DNA
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399BEAK AND FEATHER DISEASE VIRUS IN PSITTACINEextraction procedures from PBMC and feathers were as
previously described (Bassami et al., 1998).
PCR amplification and sequence analysis of
circovirus DNA
Two sets of primers, Iprm3.F and Iprm2.R in one di-
rection, and Prm2.F and Iprm3.R primers in the reverse
direction (Table 5), were used to amplify the entire ge-
nome of the eight isolates; the predicted size of the
products were 717 and 1298 bp. The primers were de-
signed using the sequence of the single BFDV reported
previously (Bassami et al., 1998). The PCR products were
igated into the pCR2.1 cloning vector and subsequently
equenced as described previously (Bassami et al.,
998). Direct sequencing of the PCR products was also
ndertaken.
For each isolate a combination of direct sequencing of
CR products and sequencing of products in pCR2.1 was
erformed in both directions. The sequence data ob-
ained for each isolate therefore were from the forward
nd reverse sequences of at least one pCR2.1 insert and
ne direct sequencing reaction, in both cases covering
he entire genome.
Sequences were edited and assembled using SeqEd
SeqEd TM version 1.0.3, Applied Biosystems Inc.) and
nalyzed using a range of software and programs pro-
ided by the Australian National Genomic Information
ervices (ANGIS) and MacVector 6.5 software. For mul-
iple sequence alignment and phylogenetic analysis of
equences the programs PileUp, Distances, and
rowtree of the Wisconsin Package, Genetics Computer
roup (GCG), Madison, Wisconsin, provided by ANGIS
ere used.
Phylogenetic analysis was undertaken of the complete
t sequence and the predicted amino acid sequences of
he proteins encoded by ORF1 and ORF2 of all isolates
or which sequence data were available. This included
he nt sequences of BFDV-AUS (Bassami et al., 1998) and
BFDV-USA (Niagro et al., 1998); the corresponding ORFs
of porcine circovirus types 1 and 2 (PCV1 and PCV2;
GenBank Accession Nos. U49186 and AF071878, respec-
T
Primers Used to Amplify the Complete N
Primer Sequence: (59–39)
Prm2.F TGGTACAAGGAGGACTGTGAC
Iprm2.R GTCACAGTCCTCCTTGTACC
Iprm3.F AACCCTACAGACGGCGAG
Iprm3.R GTTAAGGGTGAAACACCAACG
Note. Primer pairs Prm2.F and Iprm3.R were used in one reaction, atively), and a recently identified columbid circovirus
(CoCV; GenBank Accession No. AF252610; Mankertz, A.,Hattermann, K., Ehler, B., and Soike, D., unpublished)
were also included for comparison. The data were edited
and aligned by the PileUp program (ANGIS) and used for
phylogenetic analysis using the ClusTree program with
1000 bootstrap cycles. ClusTree computes a phyloge-
netic tree according to the neighbor-joining method of
Saitou and Nei (1987).
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